The activation of olefins for asymmetric chemical synthesis traditionally relies on transition metal catalysts. In contrast, biological enzymes with Brønsted acidic sites of appropriate strength can protonate olefins and thereby generate carbocations that ultimately react to form natural products. Although chemists have recently designed chiral Brønsted acid catalysts to activate imines and carbonyl compounds, mimicking these enzymes to protonate simple olefins that then engage in asymmetric catalytic reactions has remained a substantial synthetic challenge. Here, we show that a class of confined and strong chiral Brønsted acids enables the catalytic asymmetric intramolecular hydroalkoxylation of unbiased olefins. The methodology gives rapid access to biologically active 1,1-disubstituted tetrahydrofurans, including (-)-Boivinianin A.
A lkenes are a fundamental and ubiquitous class of organic compounds, often obtained in a single step from crude oil. Among the diverse synthetic applications of olefins, hydrofunctionalization reactions are prized due to their conceptual simplicity, perfect atom economy, and the increased value of the resulting products (1, 2) . Although such transformations have been extensively studied for decades using either Brønsted acid or transition metal catalysts, enantioselective variations remain challenging. For example, in contrast to catalytic asymmetric hydroaminations (3) (4) (5) or hydrofunctionalizations of dienes and allenes (6, 7) , which are relatively well developed, the enantioselective hydroalkoxylation of electronically neutral olefins is extremely rare, despite its great potential value. Whereas asymmetric photocatalysis can provide anti-Markovnikov adducts in moderate enantioselectivities (8) (9) (10) , asymmetric Markovnikov hydroalkoxylations are mainly studied using chiral metal catalysts. However, a highly enantioselective variant with sterically and electronically unbiased olefins has so far not been described, despite major advances in asymmetric metal catalysis (11) (12) (13) (14) . The lack of progress in this field is presumably due to so-called "hidden acid catalysis," referring to the in situ release of an achiral Brønsted acid that promotes the nonasymmetric background transformation (15, 16) . In contrast, enzymes can activate olefins by protonation and achieve excellent stereoselectivities (17) . Recently, an enzyme-catalyzed hydroalkoxylation involving an olefin protonation was reported, albeit with a limited substrate scope (18) .
Inspired by the extraordinary capacity of such enzymes to catalyze asymmetric functionalizations of simple olefins, we hypothesized that a well-designed chiral Brønsted acid could induce asymmetric chemical functionalizations of olefins with a more general scope. Such acids should, on the one hand, display very high acidity to enable olefin protonation and, on the other hand, provide a confined, enzyme-like microenvironment to favor the desired transformation with high selectivity, avoiding potential side reactions (Fig. 1A) . Although chiral Brønsted acids are now widely used catalytic motifs, enabling numerous asymmetric transformations, their use is still largely limited to the activation of imines and carbonyls. In stark contrast, unactivated alkenes, because of their weak basicity, have remained out of reach for current chiral Brønsted acid catalysts (19) (20) (21) (22) (23) . We have previously introduced the chiral, confined imidodiphosphate (IDP) motif as a highly selective Brønsted acid catalyst that can handle small and unfunctionalized aliphatic substrates (24) . Recently, we have accomplished a substantial increase in the acidity of our IDPs by replacing the phosphoryl oxygen atoms with N-triflyl groups. The resulting imidodiphosphorimidate (IDPi) catalysts have proven to be highly acidic Lewis acid precatalysts of great utility in silylium-based Lewis acid organocatalysis (25) . We became interested in further exploring their utility in Brønsted acid catalysis (26) , envisioning that IDPi catalysts could potentially be used in the asymmetric activation of simple olefins.
Multisubstituted oxygen heterocycles are common motifs in natural products and pharmaceuticals such as polyketides (27) . The stereoselective synthesis of substituted tetrahydrofurans typically relies on the use of enantiomerically pure alcohols. We envisioned the direct asymmetric hydroalkoxylation of alkenols as a more straightforward and atom-economical approach. Indeed, the electronically and sterically unbiased alkenol 1a was used as a model substrate to test the validity of our hypothesis (Fig. 1B) . Although most of the conventional Brønsted acid catalysts were inefficient (see the supplementary materials), IDPi 3a turned out to be promising in terms of both reactivity and enantioselectivity. We realized an additional benefit of our IDPi design toward identifying an optimal catalyst for our desired transformations. Beyond the 3,3′-positions of the IDP catalysts, the two alkylsulfonyl substituents of the IDPi motif offer an additional dimension for diversification and fine-tuning. Excellent yield and enantioselectivity were obtained using IDPi 3b, bearing sterically more demanding arylsulfonyl groups at nitrogen, instead of triflyl groups. The most stable conformation of 3b was calculated based on the x-ray structure of an N-triflyl IDPi catalyst (25) . Because the larger substituent on the sulfonamide (R) is located in the confined environment, steric repulsions between R and the BINOL backbones presumably make the conformation more rigid and the cavity narrower in the transition states (see the supplementary materials for a detailed discussion).
With an optimal catalyst and conditions in hand, we started investigating the scope and limitation of this hydroalkoxylation reaction (Fig. 2) . In addition to different aliphatic substituents (2b and 2c), other functional groups, such as an ether (2d) and even an unprotected hydroxyl group (2e), were compatible under the reaction conditions. Sulfonamide-containing tetrahydrofuran 2f, which possesses the core skeleton of the marketed pharmaceutical Mefruside (28), was also obtained in excellent enantioselectivity. Substrates with tertiary (2g and 2h) and even quaternary (2i) centers next to the alkene were compatible with this transformation. Dienes, which generate synthetically useful allylic ethers, were also readily converted (2j and 2k). To our delight, styrene derivatives also reacted to form the desired tetrahydrofurans in excellent yields and enantioselectivities. In addition to the phenyl (2l) and naphthyl (2m) groups, a variety of functional groups, such as aryl halides (2n, 2o, and S2a), an alkyl group (S2b), an isolated olefin (2p), and an ether (2q), were compatible.
A methoxy-substituted styrene (1r) was also a good substrate. Although this electron-rich styrene might be considered activated for the cyclization, it could also have led to product racemization under the acidic conditions. Interestingly, a higher concentration and longer reaction time were required in the case of dimethyl-substituted styrene 1s to achieve reasonable conversion, despite a possible Thorpe-Ingold effect. The bulky gem-dimethyl group presumably hinders access of this substrate into the sterically demanding catalyst active site. We also envisioned the same strategy for the synthesis of substituted tetrahydropyrans. Like tetrahydrofurans, the tetrahydropyran skeleton is ubiquitous in natural products and pharmaceuticals, such that enantioselective syntheses of this motif are of great value. Indeed, 2,2-disubstituted tetrahydropyrans were obtained in good yields and slightly reduced enantioselectivities (2t and 2u).
In addition to enantioselective hydroalkoxylations, diastereoselective versions may provide a valuable approach to natural products or pharmaceuticals with multiple stereogenic centers (27) . In contrast to six-membered ring-forming cyclizations, which are often highly diastereoselective due to well-defined chair-or boatlike transition states, the diastereocontrolled synthesis of multisubstituted tetrahydrofurans is typically more difficult because the energetic difference between isomeric transition states is often smaller. We envisioned that a catalyst-controlled diastereoselective transformation that is independent of existing stereocenters would be powerful. In this vein, the two diastereoisomeric products 2v and 2v′ could be selectively obtained from alcohol (S)-1v, fully controlled by using either the (S, S) or the (R, R) enantiomer of the catalyst (Fig. 3A) . Moreover, optically pure secondary alcohol (R)-1w selectively furnished 2,2,5-trisubstituted tetrahydrofurans 2w or 2w′ in excellent yields and diastereoselectivities, which were mainly controlled by the catalyst.
Encouraged by the wide scope of our method, we designed a concise synthesis of (-)-Boivinianin A (29) to demonstrate the utility, simplicity, and efficiency of the developed transformation (Fig.  3B) . Accordingly, alkenol 1x was subjected to the reaction conditions, using a lower loading of catalyst (1 mole %) under air, to provide the corresponding tetrahydrofuran in excellent yield and enantioselectivity. The obtained product was oxidized without erosion of enantiopurity to furnish the corresponding lactone, which was confirmed to be (−)-Boivinianin A by comparison to analytical data (30) .
To demonstrate the generality of this approach, we also investigated an intermolecular hydroalkoxylation, which is considered another major synthetic challenge with respect to both reactivity and enantioselectivity (Fig. 1C) (13) . Gratifyingly, IDPi 3c catalyzed the reaction of styrene with benzyl alcohol to furnish product 4 in 95% yield and with very promising enantioselectivity [enantiomeric ratio (e.r.) = 76.5:23.5]. Further optimizations are currently ongoing.
Mechanistically, we initially envisioned the reaction to proceed via a stepwise protonation, cyclization pathway. However, a concerted mechanism in which protonation and C−O bond formation occur more synchronously is also plausible (18, 31) . Toward gaining more insight into the reaction mechanism and the origin of enantioselectivity, we performed density functional theory (DFT) studies (see the supplementary materials for a description of the methods and a detailed discussion). The energies were obtained under B3LYP/def2-TZVP/D3(BJ)/CPCM level of theory. The lowest energy transition state TS1 suggests a concerted though asynchronous mechanism in which the reaction is triggered by the protonation of the olefin followed by C−O bond formation (Fig. 4A) . The proposed transition state also describes the origin of enantioselectivities (Fig. 4B) . Whereas the major enantiomer is generated via TS1 with 13.8 kcal/mol of activation barrier, the minor enantiomer requires 15.4 kcal/mol to reach TS1′. In addition, in TS1, the substituent of the substrate points toward the outside of the pocket due to the sterically demanding 3,3′-position of To further evaluate the mechanism experimentally, a Hammett analysis with a series of styrene derivatives was performed (Fig. 4C) . Plotting log(k X /k H ) against substituent parameter s + gave a linear correlation with a negative slope (r = −2.08 ± 0.04), which is consistent with the proposed carbocationic intermediate in the transition state. To gain further insight into the reaction mechanism, the corresponding alcohol 5 and olefin isomers 6 and 7 were subjected to the reaction conditions (Fig. 4D) . If the reaction indeed proceeds via a carbocation, either within an ion pair or covalently bound to the catalyst, substrates 5 to 7 should provide essentially identical enantioselectivities. Whereas substrate 1l afforded the desired tetrahydrofuran 2l in excellent yield and enantioselectivity, 5 provided product 2l in only moderate yield and with poor enantioselectivity. Neither 6 nor 7 gave any of the desired products under these conditions or at higher temperatures. These results are consistent with the proposed asynchronous concerted mechanism.
The approach delineated here enables the asymmetric activation of electronically and sterically unbiased alkenes by highly confined and highly acidic organocatalysts. The methodology is operationally simple, and a variety of alkenols could be converted in high yields and enantioselectivities. We believe that the presented approach bears great potential for various other hydrofunctionalizations and related reactions of olefins. For more details, see the supplementary materials. (D) Hydroalkoxylation with olefin isomers and etherification of the corresponding alcohol. *Yield was determined by 1H NMR using mesitylene as an internal standard.
